Abstract Microfossil-bound organic matter represents an important archive of surface ocean environmental information. Sedimentary nitrogen (N) isotope reconstructions of surface nitrate consumption and nitrogen source changes are made using fossil diatom (autotrophs) and planktic foraminiferal (heterotrophs)-bound organic matter with success. However, because diatoms and planktic foraminifera are poorly preserved and sedimentary organic matter content is near zero during the late Eocene, our ability to examine nutrient dynamics across this important climate transition is limited. Here we present new data exploring the use of N isotope records from radiolarian tests. A comparison of surface ocean nitrate and core top bulk and radiolarian N isotope values (as δ N values cooccur with high radiolarian species turnover at~35.5 and 34 Ma, suggestive of a significant ecological change in the EEP, consistent with cooling and water mass distribution changes. The preliminary results suggest that radiolarian-bound organic nitrogen represents another promising archive and underscores the fact that the different microfossil fractions must be separated to ensure robust results.
1. Introduction
Motivation for a Radiolarian-Bound N Isotope Proxy
Sedimentary nitrogen isotope records provide important information about the fundamental operation of the marine nitrogen cycle, the source of nitrate supporting photosynthesis, and in nutrient-replete settings, the degree of consumption by phytoplankton [Altabet and Francois, 1994; Francois et al., 1997; Galbraith et al., 2008] . Microfossil-bound organic matter represents an important archive of this surface ocean environmental information [Ren et al., 2009; Robinson et al., 2004; Sigman et al., 1999] . Nitrogen (N)-bearing organic molecules used by organisms during test formation become encapsulated by the biomineral (biogenic silica or calcium carbonate) and appear largely protected from alteration during sinking and sedimentation. Radiolarian tests are a robust fossil component of low-latitude seafloor sediment that extend beyond the diatom record in time and are persistent below the calcite compensation depth (CCD). Although radiolarian fossils have not yet been used as an organic nitrogen archive, we anticipated that they would integrate the isotopic signal of the sinking flux, analogous to foraminifera tests [Ren et al., 2009 Straub et al., 2013] . This paper presents a preliminary evaluation of the use of organic compounds bound within radiolarian tests as an archive of ancient organic nitrogen produced in the surface ocean. We focused on two central questions: (1) Does radiolarian N reflect the nitrogen isotopic composition of surface nitrate through their incorporation of sinking organic N produced in the surface ocean? (2) Is organic N preserved in ancient radiolarian tests buried in sediment?
The primary motivation for investigating radiolarian-bound N as an isotopic archive stems from their abundance in Eocene sediment and the potential to gain mechanistic information related to the chemical and ecological changes that occurred during the latest Eocene and earliest Oligocene. The onset of Antarctic glaciation, near the EoceneOligocene boundary, occurred as a stepwise transition toward the modern glacial climate state and was accompanied by significant global cooling, biotic turnover, and changes in weathering. It is hypothesized that the deteriorating Eocene climate, with falling atmospheric carbon dioxide (pCO 2 ) concentrations and orbital configurations that favored ice sheets growth, allowed for establishment of significant ice on Antarctica [DeConto and Pollard, 2003; DeConto et al., 2008] . A role for the carbon cycle in this transition is suggested by not only the pCO 2 changes [Pagani et al., 2005; Pearson et al., 2009] but also a benthic carbon isotopic excursion of 1‰ [Coxall et al., 2005] , the deepening of the CCD [Coxall et al., 2005; Palike et al., 2012] , and increases in productivity in the Southern Ocean [DiesterHaass, 1995; Salamy and Zachos, 1999] .
Eocene-Oligocene Climate and Ecosystem Shifts
Significant evidence exists for an overall decrease in export productivity from the upper Eocene into the lowermost Oligocene in the tropical Pacific [Erhardt et al., 2013; Griffith et al., 2010; Moore et al., 2014] . A productivity minimum during the earliest Oligocene glacial maximum (Oi-1) is apparent in records of barite and benthic foraminifera and opal accumulation rates. This reduction in export productivity was variously attributed to changes in ocean circulation, related to the cooling and enhanced stratification of the low-latitude oceans, a decrease in nutrient supply from the high latitudes, and/or decreased efficiency of remineralization in the cooler ocean. The idea of decreased remineralization stems from the decrease in barite accumulation rates, where cooling could have caused a reduction in formation of barite due to weaker remineralization [Erhardt et al., 2013; Griffith et al., 2010] and the increase in organic matter burial [Olivarez Lyle and Lyle, 2006] . Diatoms, and in particular large diatoms, increased in abundance above Oi-1a in the Oligocene, suggesting a shift in silicic acid availability across this boundary, again potentially related to the nutrient source. Here we aim to use radiolarian nitrogen isotope records from the latest Eocene and Oi-1 to enhance our understanding of the underlying causes and consequences of the observed changes as they relate to nutrient dynamics.
Integrated Ocean Drilling Program (IODP) Site U1333 provides an excellent archive of Pacific Ocean and global climate histories across the Eocene-Oligocene climate transition [Erhardt et al., 2013] . However, the paucity of organic matter in these sediments precludes the use of traditional biomarker and isotopic proxies [Garcia et al., 2010] Siliceous microfossils, present throughout these sediment sequences, are built on nitrogen-bearing organic templates [King, 1977; Kroger et al., 1999; Swift and Wheeler, 1992] . These organic molecules are encapsulated by biogenic silica and largely isolated from microbial alteration within the sediment column. Our approach of using biosilica as a N archive, using both modern surface sediment and Eocene core material, provides clear evidence for a robust fraction of N preserved within the opal biominerals from which reproducible δ 15 N values can be measured. However, in the Oligocene, unlike modern eastern equatorial Pacific (EEP) sediment, particle size does not adequately separate diatoms from radiolarians. Diatoms are nearly absent in the Eocene and increase to become dominant in the early Oligocene, with significant contributions to both the large and small fractions [Baldauf, 2013] . We measured the δ 15 N in the <63 μm radiolarian fraction and examine these data in the context of radiolarian species turnover (i.e., first and last appearance datums, from Moore et al. [2015] ), relative contributions of diatoms and radiolarians, and biosiliceous valve preservation. Finally, we present first-order interpretations of the radiolarian δ 15 N record across the Eocene-Oligocene boundary.
Methods

Sediment Sampling
Modern surface sediment samples (0-5 cm) were collected by multicorer from R/V Knorr on cruise KNR 195-3 in a transect along the equator between 93°W and 145°W in 2009 ( Figure 1 ; http://gyre.gso.uri.edu/~robp/ EQP_site_reports2_09_opt.pdf). Samples from six locations were subsampled for measurement of microfossil-bound δ 15 N (<63 μm and >125 μm) and bulk sediment δ 15 N (Figure 1 ) [Schlitzer, 2013] .
Annually averaged surface ocean nitrate concentrations overlying the multicore locations range from 4.4 to 8.1 μm; surface nitrate was upwelled at the equator and advected laterally. The δ 15 N of subeuphotic zone nitrate is relatively uniform with a value of 7.1 ± 0.3‰ . The spatial variation in δ
15
N values should reflect the progressive utilization of nitrate [Farrell et al., 1995; Robinson et al., 2009] . Smear slide examination indicates that the >125 μm fraction was dominated by radiolarian tests (>95%) with only a small contribution from large diatoms and diatom girdle bands. We will refer to it as the radiolarian fraction ( Table 1 ). The <63 μm fraction was composed of diatom frustules (herein diatom fraction) with a small, but potentially important, contribution from radiolarians and radiolarian fragments (~10%). The 63-125 μm fraction was a mixture of diatom and radiolarian fragments and was not measured.
Samples from IODP Site U1333B in the interval spanning late Eocene to earliest Oligocene were measured as a preliminary test of the radiolarian-bound δ 15 N proxy in the ancient record. Site U1333 was drilled at 10.5°N, 138.4°W in 4853 m of water ( Figure 2 ). The paleolatitude of U1333 during the Eocene backtracks to~3°N at 35 Ma, just outside of the highest-productivity zone of the equatorial upwelling region [Shipboard Scientific Party, 2009] . Small (~40 mg), dried bulk subsamples were analyzed for calcium carbonate content using a UIC coulometer for stratigraphic constraints. In the upper Eocene through the lower Oligocene glacial maximum Oi-1, biosilica came almost exclusively from radiolarians, with only small contributions from sponge spicules and diatoms [Baldauf, 2013; Moore et al., 2015] . Samples were sieved at 63 μm for analysis. Our primary reason for sieving was to try to separate diatoms from radiolarians in the Oligocene; however, the early Oligocene, in particular the youngest part of the glaciation Oi-1b, is marked by significant occurrences of large diatoms, such that both fractions were mixtures of diatoms and radiolarians in the Oligocene [Moore et al., 2014] . The small-size fraction, <63 μm, was used in this study (discussed as δ 15 N <63 μm ) (Table 1) . Our work with recent sediment focused on the large-size fraction because that is where the radiolarian tests dominated. In the Eocene, radiolarians dominated both the large and small fractions. Smear slides of a subset of the U1333B <63 μm samples were point counted to estimate relative contributions of diatoms and radiolarians and biosiliceous valve preservation; these data demonstrate the dominance of small radiolarians in the <63 μm size fraction of the Eocene ( Figure 3 ). We selected the small fraction for this study because it represented a larger proportion of the biosiliceous sediment and avoided contamination from sponge spicules which may occur in the larger fraction [Studer et al., 2013] . Working with a relatively large sample (40-50 mg of isolated biogenic silica) was critical for ensuring a robust analytical measurement.
Microfossil-Bound δ 15 N Measurements
The sieved microfossil-bound samples were physically and chemically cleaned to isolate the organic N bound within the biosilica from any exterior organics. We followed the protocols of Morales et al. [2013] and Horn et al. [2011b] . Clay was separated from the <63 μm fraction by settling, followed by a permanganate oxidation, a reductive cleaning, and two hot perchloric acid oxidations. Additional modifications for the Eocene sediment were needed to ensure they were completely clean, including a second reductive cleaning and a third 70% hot (100°C) perchloric acid cleaning. The additional reductive step was determined to be necessary by visual examination of sediment precleaning and postcleaning where the red tint of oxidized iron was still apparent after a single step. The additional perchloric acid step was added after cleaning tests demonstrated that δ 15 N values were still variable after the two standard cleanings, but that a third application resulted in reproducible and stable values (Table 2) . Clean, dry biosilica samples were dissolved and the organic N oxidized to nitrate using an alkaline persulfate reagent [Robinson et al., 2004] . Nitrate concentrations of the persulfate oxidized frustule N were measured by chemiluminescence after reduction to NO using a Teledyne Instruments (Model 200E) chemiluminescence NO/NO x analyzer [Braman and Hendrix, 1989] . δ 15 N values were measured by gas chromatography-isotope ratio mass spectrometry (GC-IRMS) on a Thermo Delta V Advantage IRMS. Nitrate was converted to N 2 O for injection by the denitrifier method [Sigman et al., 2001] . The potassium nitrate reference material IAEA-N3, USGS 32, and USGS 34 (4.7‰, 180‰, and À1.8‰, respectively) was used to standardize δ 15 N results.
Precision was determined by multiple measurements of standards within each run and replicate measurements of samples. The standard error for these measurements was 0.4‰ for the recent EEP samples and 0.7‰ for the ancient material. [Moore et al., 2015] plotted versus age at Site U1333 across the Eocene-Oligocene boundary . The green bar highlights the Eocene-Oligocene climate transition. The yellow bar highlights early Oligocene glacial maximum (Oi-1). The gray shading marks samples that are a mixture of diatoms and radiolarians. [Farrell et al., 1995; Robinson et al., 2009] . Moreover, all three measured fractions (diatom, radiolarian, and bulk) record this increase, with approximately similar degrees of enrichment associated with decreasing nitrate concentrations. Estimates of the degree of isotopic fractionation during nitrate assimilation, as epsilon values (ε) approximated from the slope of the line in the δ 15 N versus ln [NO 3 À ] plot, range from 4 to 6‰ depending upon which of the three proxy fractions you use (Figure 1) . These values are in generally good agreement with field and experimental estimates of apparent ε values during nitrate assimilation [Altabet, 2001] . Both the small and large biogenic silica fractions appear to be more sensitive to nutrient drawdown changes (higher ε values) than bulk sediment.
Both microfossil-bound fractions have values lower than the bulk, with the diatom fraction falling 4-5‰ lower than bulk and the radiolarian fraction 2-2.5‰ lower than diatoms and 6-7.5‰ lower than bulk sediment (Table 3 ). In general, this is consistent with culture observations, where bulk diatom biomass is isotopically enriched relative to the microfossil-bound fraction [Horn et al., 2011b] . However, perplexingly, sedimentary diatom-bound δ 15 N measurements do not show such large offsets between the bulk sediment and the microfossil-bound δ 15 N values in Southern Ocean sediment [Horn et al., 2011a; Robinson et al., 2004 Robinson et al., , 2005 Robinson and Sigman, 2008] or in particulate samples from the Bering Sea [Morales et al., 2014] . The process behind this discrepancy remains unknown.
The additional offset to lower values from the small-to the larger-size fraction (i.e., diatoms versus radiolarians) is also consistent with observations where larger diatoms, radiolarians, and sponge spicules tend to record lower δ 15 N values than the smaller/diatom fractions [Kalansky et al., 2011; Studer et al., 2013] . In Bering Sea sediment, this was attributed to contamination by large, very low δ 15 N bearing fractions such as sponge spicules and radiolarians [Studer et al., 2013] . In Guaymas Basin (Gulf of California) sediments, where both the large-and small-size fractions are dominated by diatoms, this trend of lower values with larger-sized organisms was interpreted as a reflection of the depth preferences of the different diatom groups, where the larger diatoms may live at depth [Kalansky et al., 2011] . [Morales et al., 2013] .
b Published cleaning [Morales et al., 2013] with additional 70% perchloric acid cleaning step. Our visual observations of the surface sediment sieved fractions, in smear slides, suggest that sieving excludes most of the radiolarians from the small fraction and diatoms from the large fraction and that spicules contribute minimally to both. This is also consistent with the good reproducibility of the offsets and spatial patterns. If the measured values were largely due to contamination by large sponge spicules, then one would expect higher variability in the overall data set and in particular in the radiolarian fraction.
Instead, it appears that the offset observed here may be related either to ecology of the organisms (e.g., depth preference or the hosting of algal symbionts) or some intrinsic fractionation associated with the compounds affiliated with test formation. 
Eocene-Oligocene Microfossil-Bound δ 15 N Values
The ancient tropical sediment samples were dominated by radiolarians throughout the upper Eocene and into the Oi-1 glacial event (Figure 3b ). Diatoms supplanted radiolarians as the dominant biosiliceous fossils in the lower Oligocene, with significant contributions in both the large-and small-size fractions [Baldauf, 2013; Moore et al., 2014] . Preservation of radiolarian tests was moderate to good throughout the interval analyzed ( Figure 3a ). δ 15 N <63 μm values range from 4‰ near 36.8 Ma to À2‰ during the early Oligocene glacial maximum (Figure 3) , with an increase to 2‰ upward in the Oligocene. Radiolarian turnover is enhanced in three intervals,~35.5, 34, and 33 Ma, with significant losses of radiolarian species and more subtle introduction of new groups [Funakawa et al., 2006; Moore et al., 2015] . These are also intervals where δ 15 N values shift, suggesting possibly a radiolarian species related change in δ 15 N. However, the stepwise turnover in the late Eocene, characterized by a loss of tropical species and gain of cosmopolitan radiolarians, is not accompanied by a significant change in diversity where the most abundant species make up 15-35% of the total assemblage across the late Eocene and early Oligocene [Funakawa et al., 2006] . More likely, the radiolarian turnovers are signaling significant ecosystem changes that are paralleled by the δ 15 N of the surface ocean inorganic and/or organic pools.
The emergence of diatoms as an important siliceous microfossil in the lower Oligocene complicates our interpretation of the upper portion of the record. Given that diatom-bound δ 15 N values tend to be higher than radiolarian-bound δ 15 N values, in our surface sediment survey (Figure 1 ) and elsewhere Paleoceanography 10.1002/2015PA002777 [Studer et al., 2013] , we can estimate that the increase in δ 15 N <63 μm values observed between 33.5 and 32.5 Ma is in part due to the relative contributions of these two groups. However, quantitative corrections are hampered by a lack of data on relative contributions of nitrogen as well as a robust "offset" between the two groups. As a result, we focus on the upper Eocene and the Eocene-Oligocene transition, where radiolarians dominate the microfossil assemblage.
The first-order controls on sedimentary nitrogen isotope values in the modern and Pleistocene Equatorial Pacific are the isotopic composition of the nutrient source(s) and the relative consumption of nutrients in the surface ocean [Farrell et al., 1995; Robinson et al., 2009] . Variation in the isotopic composition of source nitrate occurs both on orbital [Dubois et al., 2011; Robinson et al., 2009] and million-year timescales . Variation in nutrient consumption appears to occur on orbital or suborbital timescales, such that it appears as systematic variation about the mean set by the source nitrate δ 15 N value . Given the multimillion year interval being discussed and an average sampling resolution on the order of 20 ky, what we observed is likely a reflection of variation in the source δ 15 N value with some overprinting by local consumption, if indeed nutrients were in excess in the Eocene. The observed range of δ 15 N variation in the Eocene-Oligocene section is approximately the same as the observed range of δ 15 N rad values in the modern surface sediment study. If the data were entirely controlled by nitrate utilization, it suggests a fairly moderate range of nitrate concentrations. However, our ability to interpret the Eocene data is limited by our understanding of the nutrient status of that epoch. We will limit our interpretations to first-order inferences related to source changes.
Using the modern offset between radiolarian-bound δ 15 N values and the bulk sedimentary δ 15 N value, 7.1 ± 1.1‰, and the Eocene mean δ 15 N <63 μm value, 0.5 ± 2.0‰, we estimate that the bulk organic matter would possess an average δ 15 N value of~7.6 ± 3.1‰. This is within error of the measured mean bulk δ 15 N value in the modern, surface EEP sediment (5.9 ± 1.2‰) and suggests that the nitrogen isotope systematics of the Eocene ocean were not significantly different than they are at present. There are important caveats associated with direct application of the modern isotopic offset to Eocene radiolarian-bound δ 15 N given the fundamental differences in the ecosystem, including the lack of diatoms, a major part of the modern food web, the extreme warmth and lack of organic matter burial, which suggests rapid recycling of the sinking flux [Olivarez Lyle and Lyle, 2006; Palike et al., 2012] , and the related overall lower export productivity of this time period relative to more modern times [Erhardt et al., 2013; Moore et al., 2014] . Keeping this in mind, we use this estimate only as a starting point.
Explaining the Decrease in δ 15 N Values Across the Eocene-Oligocene Boundary
The observed decrease in δ 15 N <63 μm values must be related to a decrease in the δ 15 N of the sinking particulate organic matter. Such a change may be related to (1) a large-scale change in the δ 15 N of nitrate, either globally or locally; (2) a decrease in the local utilization of nitrate; (3) a change in the source of nitrate upwelling in the EEP; or (4) a change in the δ 15 N of the upwelling nitrate. It is unknown how the mean isotopic composition of the whole ocean nitrate pool, currently~5‰, varied in the past. Our best long-term estimate comes from a Phanerozoic-scale compilation of sedimentary δ
15
N values where the mean in the Eocene is approximately the same as it is at present [Algeo et al., 2014] . However, it is not well constrained. If the observed decrease in δ 15 N during the late Eocene and into the earliest Oligocene glacial maximum is related to a whole ocean change, then it suggests a shift in the balance of where denitrification occurs, i.e., in the sediment or the water column [Brandes et al., 1998; Deutsch et al., 2004] . Denitrification is the bacterial reduction of nitrate in the absence of oxygen, and it is a strongly fractionating process that leaves the remaining nitrate pool enriched in 15 NO 3 À when it occurs in the water column. In sediment, denitrification proceeds to completion, with little apparent fractionation measured in the overlying water [Brandes et al., 1998; Sigman et al., 2003] . A decrease in mean ocean δ 15 N values implies more sedimentary relative to pelagic denitrification. The estimated 60 m of sea level fall across the second step of the Eocene-Oligocene transition (EOT, Figure 3 ), when δ 15 N values are at an absolute minimum, suggests that shelf space for sedimentary denitrification worldwide decreased significantly across this interval [Christensen et al., 1987; Middelburg et al., 1996] . In this case, δ relative importance of sedimentary denitrification is thus unlikely. Alternatively, it is possible that an overall drop in nutrient availability and decrease in production allowed for significant input of N through diazotrophy. Nitrogen fixation would add N with a δ 15 N value of~À1‰ to the system. To drive the entire~3‰ shift, the addition would have had to bẽ 50% of the total fixed N, which again seems unlikely.
A decrease in δ 15 N <63 μm could also be associated with a decrease in the relative utilization of nitrate as long as there were excess nitrate in the Eocene EEP. However, a decrease in δ 15 N <63 μm would imply an increase in nutrient availability or weaker consumption. Typically, this type of nutrient-rich condition accompanies higher productivity in the EEP [Etourneau et al., 2013; Robinson et al., 2009] . The inferred drop in export productivity in the equatorial Pacific around the same time is therefore inconsistent with enhanced nutrient supply. More importantly, Plio-Pleistocene records of sedimentary δ 15 N change in the EEP suggest that the long-term (million years) signal is largely controlled by the regional subsurface nitrate δ 15 N rather than local nutrient consumption .
On the other hand, circulation-driven changes in the source of nitrate or in the δ 15 N of the nitrate source are consistent with the other changes occurring in the latest Eocene and across the EOT. In the first case, the inferred new source of nitrate would bear a distinct δ 15 N signature, as might be the case with a change in water mass geometry. In the second case, the source or water mass remains the same, but the nitrogen isotopic signature of that water mass would have changed, for example, with intensification/weakening of pelagic denitrification. both the Tasman and Drake Passage, is thought to have allowed relatively deep waters to flow in the Antarctic Circumpolar Current (ACC) by the late Eocene [Cramer et al., 2009; Katz et al., 2011; Scher and Martin, 2006] . Once the ACC was established, a modern-like overturning structure was likely in place, including the upwelling of the deepest waters occurring in the Southern Ocean and the formation of nutrient-rich intermediate waters [Cramer et al., 2009; Egan et al., 2013; Katz et al., 2011] [Moore, 2013] .
A regional decrease in the δ 15 N of nitrate delivered to EEP upwelling, without a significant change in the source of nutrients, is harder to diagnose. In the late Pleistocene, variation in the δ 15 N of source nitrate to the EEP upwelling occurs on glacial-interglacial timescales Robinson et al., 2009] . The EEP sits adjacent to the major open ocean oxygen minimum zones (OMZ) of the ETP, and the δ 15 N of nitrate in the EEP is overprinted by the isotopic signature of pelagic denitrification in the ETP Robinson et al., 2009] . The degree of deoxygenation of the Eocene ocean is uncertain as are the locations of Eocene oxygen minimum zones. Higher ocean temperatures and consequent lower solubility of oxygen likely reduced the mean oxygen content of the oceans in the Eocene. Without a strong ACC and the associated formation of cold, oxygen-rich intermediate water masses, interior ventilation may have been weaker as well [Katz et al., 2011] . Moreover, the reduced oxygen supply may have been coupled to higher demand, due to elevated export production [Erhardt et al., 2013; Griffith et al., 2010; Moore et al., 2014] . The trend, with a longterm decrease in δ 15 N <63 μm values from an overall high around 36.5-37 Ma to the lowest values during the Oi-1 glacial maximum, is consistent with a regional weakening of pelagic denitrification due to cooling, enhanced ventilation, and/or the overall reduction in export productivity (Figure 4 ). Since the exact circulation pattern of the late Eocene is unclear [Martin and Scher, 2004; Thomas, 2004; Via and Thomas, 2006] , predicting where and when an OMZ might expand or contract is presently impossible.
Conclusions
Radiolarian N as an Isotopic Archive
The modern radiolarian-bound δ 15 N data suggest that radiolarian tests are a robust source of organic N for isotopic analysis and that their isotopic composition is related to the isotopic composition of the organic matter on which they fed. The large isotopic offset is consistent with previous investigations of radiolarianbound N and underscores the importance of separating this fraction from other opal microfossils for N isotope studies [Studer et al., 2013] . However, if the separation is quantitative, radiolarians have the potential to provide a nitrogen archive in regions of the ocean where bulk organics, diatoms, and foraminifers are less abundant or their records are discontinuous.
N Isotopic Variation in the Eocene and Earliest Oligocene
As a proof of concept, we presented radiolarian-bound δ 15 N data from the late Eocene and initial glaciation of the Oligocene, when bulk organic matter contents and diatom contributions are too low to serve as reliable archives. We do not uniquely explain the observed changes in δ 15 N in the EEP because of a lack of other constraints on the marine N cycle and accompanying isotope systematics during the time interval. The proposed explanations stem from climatic cooling and related changes in subsurface circulation. First, it is possible that the observed decrease in export productivity during the late Eocene and across the EOT accompanied a decrease in the extent of the Pacific OMZs and water column denitrification associated with enhanced ventilation of the ocean interior. Alternatively, the signal may reflect a fundamental shift in the water masses contributing to equatorial upwelling in the late Eocene, consistent with the inception of large-scale Southern Ocean overturning and intermediate water formation [Katz et al., 2011] . This explanation for the nitrogen isotope shifts fits well with the evidence for greater radiolarian turnover, Paleoceanography 10.1002/2015PA002777 toward cooler, more cosmopolitan fauna, in these intervals [Funakawa et al., 2006] . Finally, it is possible that the changes reflect local contributions to primary production by nitrogen fixers due to cooling and related deepening of the thermocline. Distinguishing between these explanations will require additional constraints on the large-scale Eocene N cycle and the role of ocean circulation in causing the observed decreases in production across the Eocene-Oligocene boundary. Radiolarian-bound nitrogen isotope measurements may provide an additional avenue for exploring these types of changes.
